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OBJECf IVE — Obesity leads to severe long-term complications and reduced life expectancy. 
Roux-en-Y gastric bypass (RYGB) surgery induces excessive and continuous weight loss in (mor- 
bid) obesity, although it causes several abnormal anatomical and physiological conditions. 

RESEARCH DESIGN AND METHODS— To distinctively unveil effects of RYGB surgery 
on (3-cell function and glucose turnover in skeletal muscle, liver, and gut, nondiabetic, morbidly 
obese patients were studied before (pre-OP, five female/one male, BMI: 49 ± 3 kg/m 2 , 43 ± 2 
years of age) and 7 ± 1 months after (post-OP, BMI: 37 ± 3 kg/m 2 ) RYGB surgery, compared 
with matching obese (CON ob , five female/one male, BMI: 34 ± 1 kg/m 2 , 48 ± 3 years of age) 
and lean controls (CONi ean , five female/one male, BMI: 22 ± 0 kg/m 2 , 42 ± 2 years of age). Oral 
glucose tolerance tests (OGTTs), hyperinsulinemic-isoglycemic clamp tests, and mechanistic 
mathematical modeling allowed determination of whole-body insulin sensitivity (M/f), OGTT 
and clamp test (3-cell function, and gastrointestinal glucose absorption. 

RESULTS— Post-OP lost (P < 0.0001) 35 ± 3 kg body weight. M/I increased after RYGB, 
becoming comparable to C0N o b, but remaining markedly lower than CONi ean (P < 0.05). M/I 
tightly correlated (t = -0.611, P < 0.0001) with fat mass. During OGTT, post-OP showed 
sl5% reduced plasma glucose from 120 to 180 min (<4.5 mmol/L), and 29-fold elevated active 
glucagon-like peptide- 1 (GLP-1) dynamic areas under the curve, which tightly correlated (r = 
0.837, P < 0.001) with 84% increased |3-cell secretion. Insulinogenic index (0-30 min) in post- 
OP was &29% greater (P < 0.04). At fasting, post-OP showed approximately halved insulin 
secretion (P < 0.05 vs. pre-OP). Insulin-stimulated insulin secretion in post-OP was 52% higher 
than before surgery, but 1-2 pmol/mm 2 lower than in CON ob /CONi earl (P < 0.05). Gastroin- 
testinal glucose absorption was comparable in pre-OP and post-OP, but 9-26% lower from 40 to 
90 mm in post-OP than in CON ob /CON lean (P < 0.04). 

CONCLUSIONS — RYGB surgery leads to decreased plasma glucose concentrations in the third 
OGTT hour and exaggerated (3-cell function, for which increased GLP-1 release seems responsible, 
whereas gastrointestinal glucose absorption remains unchanged but lower than in matching controls. 
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The increasing prevalence of obesity 
has affected between —10 and 30% 
of the adult population in Western 
countries (1). Since obesity represents a 
major cluster of the cardiometabolic syn- 
drome, it favors development of type 2 
diabetes mellitus (T2DM), arterial hyper- 
tension, dyslipidemia, and heart and ves- 
sel diseases, all of which may reduce the 
individual's quality of life and lead to pre- 
mature death (1-3). 

Despite this rather desperate progno- 
sis for the obese, there is currently a lack 
of effective medication. So far, the most 
effective treatment for obese people is 
bariatric surgery (4). Out of several oper- 
ation procedures, Roux-en-Y gastric by- 
pass (RYGB) surgery has been well 
established for inducing long-term 
weight loss (5). Patients who have under- 
gone this surgery not only lose a substan- 
tial amount of weight but also show clear 
improvements with regard to all clusters 
of the cardiometabolic syndrome, includ- 
ing glycemia (5,6). 

Several publications have dealt with 
obese subjects with and without T2DM 
before and after bariatric surgery. The 
majority of T2DM patients benefit from 
the resolution of T2DM (7,8). Whole- 
body insulin sensitivity improves in 
both T2DM and nondiabetic subjects 
but clear amelioration seems to occur 
only after substantial weight loss (7-10). 

However, despite all of these benefi- 
cial effects, RYGB surgery also carries risks 
for the individuals, not only from the 
operation itself but also from long-term 
unwanted effects that may diminish the 
patient's quality of life, in particular mal- 
absorption because of the altered anat- 
omy of the gastrointestinal tract. In 
addition, episodes of pronounced post- 
prandial hypoglycemia were reported in 
patients after bariatric surgery (11,12). 
Using oral D-xylose loading tests in dia- 
betic rats and humans, it was reported 
that bariatric surgery did not affect car- 
bohydrate absorption (13,14). Neverthe- 
less, the two monosaccharides D-xylose 
and D-glucose differ in metabolism and 
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absorption, which is passive for D-xylose 
(14), whereas glucose absorption is pri- 
marily an active process. 

Postprandial hypoglycemia in hu- 
mans may result from glucose malab- 
sorption and/or from more pronounced 
insulin release due to increased glucagon- 
like peptide- 1 (GLP-1) release (15). In or- 
der to refrain from these possible short- 
and long-term complications, it certainly 
appears desirable to mimic the proven 
beneficial effects of RYGB surgery by the 
prescription of currently available reme- 
dies. To this end, however, the compre- 
hensive knowledge of all RYBP effects 
seems essential. 

Thus, we aimed to precisely unveil 
the distinctive gastrointestinal, endo- 
crine, and metabolic alterations by com- 
paring patients before (pre-OP) and after 
(post-OP) RYGB surgery. In order to 
exclude the well-known, pronounced ef- 
fects of glucose toxicity on whole -body 
insulin sensitivity and (3-cell function 
(16), we only recruited nondiabetic sub- 
jects with morbid obesity. For a more pre- 
cise comparison, we recruited not only a 
healthy age- and sex-matched control 
group with normal BMI (CONi ean ), but 
also another obese control group 
(CON ob ) that was precisely matched for 
the maj or anthropometric measures of the 
patients after surgery (3). In all study par- 
ticipants, an oral glucose tolerance test 
(OGTT) and a hyperinsulinemic-isoglycemic 
clamp test were performed, twice (before 
and about half a year after RYGB) in the 
patients but only once in the control 
subjects. The present report extends pre- 
viously published data (3) by a more in- 
depth analysis of the effects of RYGB 
surgery on 1) insulin sensitivity, 2) insu- 
lin secretion from p-cells during OGTT 
and clamp test, 3) gastrointestinal glucose 
absorption using recently developed mod- 
eling analyses, 4) hepatic glucose pro- 
duction (HGP) with hepatic insulin 
sensitivity, and 5) GLP-1 release. We hy- 
pothesized that after RYGB surgery, the 
decreased glycemia after a glucose load 
would result, to an extent, from alterations 
in insulin and GLP-1 release, gut glucose 
absorption, and/or HGP. 

RESEARCH DESIGN AND 
METHODS 

Study participants 

Morbidly obese (BMI >40 kg/m 2 ) sub- 
jects planning to undergo RYGB surgery 
were referred to our department for 
precise preoperative examination, as 



described in detail elsewhere (3,6). Our 
diagnostics also included an OGTT to 
avoid underdiagnosing diabetes, unless al- 
ready known or diagnosable from fasting 
glucose concentrations according to the 
American Diabetes Association criteria 
(6,17,18). In addition, patients were 
tested for Cushing syndrome and thyroid 
dysfunction (6). Additional exclusion cri- 
teria for this study were current or former 
medication known to influence glucose 
homeostasis, severe (chronic) disease, 
pregnancy, and/or breastfeeding (3,6). 

Finally, six nondiabetic, morbidly 
obese patients agreed to participate in 
the entire study program, which included 
both an OGTT and a hyperinsulinemic- 
isoglycemic clamp test both before (pre- 
OP) and ~6 months after (post-OP) 
RYGB surgery. Two control groups, who 
only once underwent OGTTs and clamp 
tests, were enrolled: a lean control group 
(CON lean ; n = 6), matched for age and sex 
to pre-OP and post-OP, and another 
obese control group (CON oh ; n = 6), 
with age, sex, and BMI comparable to 
post-OP (Table 1). The study was per- 
formed according to the Declaration of 
Helsinki, and the protocol was approved 
by the local ethical board. All study par- 
ticipants gave written informed consent. 

OGTT 

After an overnight fast for at least 10 h, a 
75-g OGTT (Gluco-Drink75; Roche Di- 
agnostics, Vienna, Austria) was per- 
formed for 3 h with frequent blood 
sampling (0, 10, 20, 30, 40, 60, 90, 120, 
150, and 180 min) for instant determina- 
tion of plasma glucose and subsequent 
analysis of plasma hormones (3,6,19- 
22). 

Clamp test 

After another overnight fast for at least 10 
h, two catheters (Vasofix; Braun, Melsungen, 
Germany) were inserted into one antecubital 
vein of the left and right arm for blood 
sampling and infusions, respectively. A 
primed-continuous infusion (0-5 min, 
4 mg • kg lean body weight; thereafter, 
0.04 mg • min -1 lean body weight) of 
D-[6,6- 2 H 2 ]glucose (98% enriched; Cam- 
bridge Isotope Laboratories, Andover, 
MA) was started 120 min before the start 
of the clamp to determine HGP, as de- 
scribed in detail previously (3,22-24). 
The isoglycemic clamp glucose target 
was determined from the mean value of 
three fasting plasma glucose measure- 
ments. However, in the case of a value 
<80 mg/dL, the clamp target was set to 



80 mg/dL, and in the case of a value > 100 
mg/dL, the clamp goal was 100 mg/dL 
(3,22-24). Hyperinsulinemic-isoglycemic 
clamp tests were performed for 140 min 
in patients and 120 min in control subjects 
with primed-continuous regular insulin 
(Actrapid; NovoNordisk, Bagsvaerd, Den- 
mark) infusion (40 mU • min -1 • m -2 
body surface) (3,6,19-22,25). Plasma 
glucose was measured every 5 min and 
maintained at the clamp goal com- 
parably among all four groups (P > 
0.24) by infusing variable amounts of a 
20% D-^lucose solution, enriched with 
d-[6,6- H 2 ]glucose to —2% mole per- 
cent excess (3,22-24). 

Bariatric surgery 

The patients underwent laparoscopic 
long-limb RYGB in a standardized ante- 
gastric, antecolic manner. The alimentary 
limb measured 150 cm and the bilio- 
pancreatic limb 75 cm, as previously 
described (3). 

Measurements 

Body weight and fat (-free) mass were 
measured by the Tanita Bioimpedance Bal- 
ance body composition analyzer (Tanita 
International Division, Yiewsley, U.K.). 
Plasma insulin and C-peptide were ana- 
lyzed by commercially available radio- 
immunoassays from Linco Research (St. 
Charles, MO) and plasma free fatty acid 
(FFA) concentrations with a microfluori- 
metric assay (Wako, Richmond, VA) 
(3,22-24). For GLP-1 measurement at 
0 and 60 min in the patients, a dipepti- 
dylpeptidase-IV inhibitor of Linco Re- 
search was added to the plasma samples 
to assess active GLP-1 concentrations by 
using an ELISA (Millipore, Billerica, MA). 
Routine laboratory parameters were de- 
termined from serum/plasma at our local 
Department of Medical and Chemical 
Laboratory Diagnostics (www.kimcl.at). 
Mole percent excess of D-[6,6- 2 H 2 ]glu- 
cose was measured as previously de- 
scribed (3,22-24). 

Calculations 

HGP and measures/surrogates of insulin 
sensitivity, such as glucose infusion rates, 
M value (M), whole-body insulin sensitiv- 
ity (M/I), the Clamp-Like Index (CLIX), 
and insulin sensitivity index/homeostatic 
model assessment (ISI-HOMA; best 
suited for assessing hepatic insulin sensi- 
tivity) (26,27), were calculated as previ- 
ously described (3,6,18-25,28) (see also 
Supplementary Methods and Supple- 
mentary Fig. 1A and B). Dynamic area 
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Table 1 — Anthropometric and baseline characteristics, as well as results of hepatic (ISI-HOMA and basal hepatic insulin sensitivity) 
and whole-body (CLIX and M) insulin sensitivity, HGP, gastrointestinal glucose half-life, total absorption of OGTT glucose, and insulin 
secretion before and during the clamp test in patients before (pre-OP; n = 6) and after (post-OP; n = 6) RYGB, and obese (CON ob ; 
n = 6) and lean (CON lean ; n = 6) controls 



Pre-OP Post-OP CON ob CON lem P (Kruskal-Wallis test) 



Sex (% females) 




83% 


83% 


83% 


83% 


1.000 






Body weight (kg) 


138 


— 


16 ,3,& 


1 A "5 -1- "1/1 

103 ± 14% 


98 ± 


A & 

4$ 


63 ± 3 


0.001 




Body height (cm) 


166 


— 


4 


166 ± 4 


168 ± 


3 


168 ± 3 


0.835 




CF of thigh (cm) 


70 


— 




56 ± 3 


61 ± 


3 


62 ± 5 


0.084 




CF of hip (cm) 


152 


+ 


8*,§,& 


122 ± 8€ 


111 ± 


5$ 


95 ± 3 


<0.001 




BMI (kg/m ) 


49 




3*,§,& 


37 ± 3€ 


34 ± 


1$ 


22 ± 0 


<0.001 




Fat mass (kg) 


72 


+ 


10*,§,& 


43 ± 6€ 


41 ± 


2$ 


17 ± 2 


<0.001 




Fat mass amount of body weight (%) 


51 


+ 


2*,§,& 


41 ± 2€ 


42 ± 


2$ 


26 ± 2 


<0.001 




Fat-free mass (kg) 


66 


+ 


6& 


60 ± 9 


57 ± 


4$ 


47 ± 3 


0.025 




Serum creatinine (mg/dL) 


0.77 


+ 


0.04 


0.71 ± 0.02 


0.73 ± 


0.06 


0.85 ± 0.05 


0.133 




Serum uric acid (mg/dL) 


5.8 


+ 


0.3& 


5.6 ± 0.4€ 


4.7 ± 


0.6 


4.5 ± 0.4 


0.123 




HbA lc (%) 


5.8 


+ 




5.2 ± 0.1# 


5.7 ± 


0.2$ 


5.2 ± 0.1 


0.003 




Serum triglycerides (mg/dL) 


124 


+ 


17 


94 ± 4 


122 ± 


44 


79 ± 14 


0.245 
























Serum HDL cholesterol (mg/dL) 


48 


-t- 


2& 


43 ± 3€ 


51 ± 


5$ 


72 ± 7 


0.005 




Serum LDL cholesterol (mg/dL) 


118 


+ 


8* 


85 ± 9# 


154 ± 


23 


120 ± 14 


0.049 




Serum ASAT (units/L) 


25 


-+- 


3 


26 ± 4 


27 ± 


5 


18 ± 2 


0.178 






33 


+ 




35+10 


32 + 


11 


17 + 3 


0.104 




Serum 7GT (units/L) 


39 






26 ± 7 


25 ± 


7 


14 ± 2 


0.102 






Basal hepatic insulin sensitivity 

(100/[(mg • kg" 1 • min" 1 ) • (pmol/mm)]) 


0.16 


+ 


■ 


0.35 ± 0.06€ 


0.64 ± 


0.15 


0.69 ± 0.14 


0.008 






M/I (80-120 mm X 100) 


2.2 




0.7*,& 


4.2 ± 0.4€ 


5.9 ± 


1.3$ 


12.0 ± 2.1 


0.003 




Maximal clamp HGP suppression (%) 


77 


+ 


9 


67 ± 9 


78 ± 


7 


75 ± 2 






Duration of halving clamp HGP (min) 


85 


+ 


19§,& 


99 ± 22#,€ 


52 ± 


13 


41 ± 1 


0.004 




OGTT total glucose absorbed (g) 


53 


-t- 


8 


42 ± 4 


58 ± 


7 


60 ± 9 


0.301 




Baseline clamp insulin secretion (pmol/min) 


512 




59*,§,& 


233 ± 35€ 


208 ± 


61 


127 ± 31 


0.003 




Clamp insulin secretion 60 min before end 
(% change relative to baseline) 


-26 


+ 


5& 


2 ± 21 


9 ± 


14 


32 ± 21 


0.090 




Clamp end insulin secretion 
(% change relative to baseline) 


-46 


+ 


6§,& 


-43 ± 7€,# 


31 ± 


21 


54 ± 34 


0.004 





All data are given as means ± SEM. Boldface P values indicate significance. Some data were shown previously (3). ALAT, alanine aminotransaminase; ASAT, aspartate 
aminotransaminase; CF, circumference; "yGT, -/-glutamyl transpeptidase. *P < 0.05, pre-OP vs. post-OP. §P < 0.05, pre-OP vs. CON ob . &P < 0.05, pre-OP vs. 
CON lean . #P < 0.05, post-OP vs. CON ob . €, post-OP vs. CON lean . $P < 0.05, CON ob vs. CON lean (Kruskal-Wallis test). 



under the curve (AAUC) was calculated as 
previously described (3,20) (Supplemen- 
tary Methods). We exploited mechanistic 
mathematical modeling to apply our re- 
cently developed methods of gastrointes- 
tinal glucose absorption during the OGTT 
(20,28), given in 10-30-min intervals (as 
indicated), and insulin secretion during 
insulin infusion (17,25) (Supplementary 
Methods) . The latter can be seen as in vivo 
(3-cell function assessable during the 
clamp test (17), whereas for that during 
the OGTT, the insulinogenic index (IGI) 
for the first 30 min (18,28), the slope of 
C-peptide for the first 60 min, and AAUC 



of C-peptide during the entire OGTT 
were calculated (Supplementary Meth- 
ods). Basal hepatic insulin sensitivity 
was calculated as 100/(HGP X basal in- 
sulin secretion). Hepatic insulin sensitiv- 
ity during clamp test (i.e., duration of 
halving clamp HGP by insulin), OGTT 
total glucose absorbed, and glucose half- 
life (£1/2) in the gastrointestinal tract were 
determined as described in the Supple- 
mentary Methods and previously (20,28). 

Statistical analyses 

All data are given as means ± SEM. Com- 
parisons of groups were performed by 



using the nonparametric Kruskal-Wallis 
test. In addition, repeated-measures AN OVA 
with post hoc least significant difference 
test was used to compare single values 
during the OGTT (for glucose every 
hour) and the clamp test. Linear and non- 
linear, nonparametric methods were used 
for correlation analyses using Pearson lin- 
ear correlation coefficient r and Kendall 
rank correlation coefficient!", respectively 
(24,28). Differences were considered sta- 
tistically significant at P values ^0.05. Sta- 
tistical analyses were performed using 
SPSS (SPSS, Inc., Chicago, IL) computer 
software. 
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Figure 1 — Plasma concentrations of glucose (A), insulin (B), C-peptide (C), and FFAs (D) 
during OGTT in obese patients before (pre-OP; n = 6; ■ ) and after RYGB surgery (post-OP; n = 6; 
□), as well as matching obese (CON ob ; n = 6; • ) and lean controls (CONi ean ; n = 6; O), which were 
previously presented (3). Kruskal-Wallis test: *P < 0.05, pre-OP vs. post-OP; §P < 0.05, pre-OP vs. 
CON ob ; &? < 0.05, pre-OP vs. CON lea „, #P < 0.05, post-OP vs. CON ob ; €, post-OP vs. CON, Mn . 



RESULTS 

Anthropometric and basal 
(laboratory) characteristics 

The four groups were similar in sex and 
age (Table 1). Post-OP lost 35 ± 3 kg, 
6.7 ± 0.8 months after RYGB (P < 
0.0001). The BMI of pre-OP was mark- 
edly higher than that of the other three 
groups (each P < 0.001), whereas post- 
OP and CON ob had similar BMI, which 
was much greater than that of CONi ean 
(each P < 0.001). HbA lc was similar be- 
tween pre-OP and CON Q b, but higher 
by 0.6-0.7% than that in post-OP and 
CON lean (each P < 0.005). After surgery, 
total and LDL cholesterol concentrations 
were reduced by 23 and 28%, respec- 
tively, in post-OP (P < 0.009 vs. pre- 
OP). HDL cholesterol was markedly 
lower by >30% in pre-OP and post-OP 
(P < 0.004) than that in CON lean , and did 
not change after surgery. 

OGTT 

From 120 to 180 min, post-OP had a 
glucose level ^4.5 mmol/L (<80 mg/dL), 
which was lower than that in pre-OP, 
CON ob , and CON lean (each P < 0.05). 
In post-OP, plasma insulin and plasma 
C-peptide concentrations showed a mark- 
edly different time course (P < 0.05 vs. 
pre-OP, CON ob , and/or CON lean ) (Fig. IB 
and C). OGTT plasma FFAs were higher in 
pre-OP and post-OP (P < 0.05 vs. CON ob 
and CONiean) and did not change from be- 
fore to after surgery conditions (Fig. ID). 

Hyperinsulinemic-isoglycemic 
clamp test 

Plasma glucose and insulin concentra- 
tions during the clamp test were similar 
among the four groups. Plasma C-peptide 
concentrations before and during the 
clamp were higher in post-OP, when 
compared with at least one of the other 
groups (each P < 0.05). Plasma FFAs 
were comparable among the four groups 
(Supplementary Fig. 2A-D). 

Whole-body insulin sensitivity 

Clamp M/I (Table 1) was highest (each 
P < 0.05 vs. the other groups) in CONi ean ; 
post-OP had higher clamp M/I by 2.0 (mg • 
kg -1 • min - ^/(ixU/mL) than before sur- 
gery (each P < 0.05). M/I did not differ 
between post-OP and CON ob . The OGTT 
insulin sensitivity marker CLIX also dis- 
played very similar values but did not 
detect a significant difference between pre- 
OP and post-OP (Table 1). However, each 
group CLIX result was comparable to M/I 



(P > 0.1). For glucose infusion rates and 
M see Supplementary Fig. 1A and B. 

HGP and hepatic insulin sensitivity 
(surrogates) 

At baseline, HGP was 23% lower in CON D b 
compared with CON lean (P < 0.04). HGP 



remained less suppressible in post-OP af- 
ter 90 and 120 min by 53 and 96% com- 
pared with CONob (P < 0.05). Basal 
hepatic insulin sensitivity was very low 
in pre-OP (P < 0.005 vs. both controls) 
and improved in post-OP, but was still 
lower than that in CON lean (P < 0.05) 
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(Table 1). ISI-HOMA, which is a good sur- 
rogate for basal hepatic insulin sensitivity 
(26), virtually displayed the same results 
for pre-OP, CON ob , and CON lean , but not 
for post-OP (Table 1). However, each 
group result in basal hepatic insulin sen- 
sitivity was comparable to that of ISI- 
HOMA (P > 0.2). 

During the clamp test, post-OP had 
elevated HGP from 90 to 120 min (each P 
< 0.05 vs. CON ob ). Although the maxi- 
mum clamp HGP suppression by insulin 
was not different among the four groups 
(Table 1 ) , the duration by insulin for halv- 
ing clamp HGP was approximately dou- 
bled in pre-OP and post-OP, when 
compared with one or both control 
groups (each P < 0.05). 

p-Cell function and active GLP-1 
secretion 

During OGTT, insulin secretion within 
the first hour, as reflected by C-peptide 
slope, was —75% higher in post-OP, 
when compared with the other three 
groups (each P < 0.05) (Supplementary 
Fig. 1C). Despite similar fasting values, 
the AUC of active GLP-1 during OGTT 
was more than twofold higher (P < 
0.03) in post-OP (990 ± 147 pmol/L • 
min) than pre-OP (407 ± 194 pmol/L • 
min). The OGTT AAUC of C-peptide was 
93% higher (P < 0.04 vs. pre-OP) in post- 
OP and also very closely associated with 
active GLP-1 AAUC (r = 0.837, P < 
0.001) (Fig. 2A). The IGI was also greater 
by at least 30% in post-OP (each P < 
0.01) (Fig. IB). 

Basal insulin secretion (Table 1) was 
between two- and fourfold higher in pre- 
OP (each P < 0.002 vs. all other groups), 
and fell after surgery in post-OP (P = 0.01 
vs. pre-OP), becoming comparable to 
that in CON ob , but remained nearly dou- 
bled when compared with CONi ean (P < 
0.05). When examining insulin secretion 
alteration during hyperinsulinemia (i.e., 
the clamp test) by calculating its slope, 
insulin secretion declined the most in 
pre-OP, and significantly less in post- 
OP, but rose in CON ob , and still more 
in CON lean (each P < 0.05, each group 
vs. the other) (Fig. 2C). On the other 
hand, when expressing insulin secretion 
alteration during hyperinsulinemia as 
percent relative to baseline, insulin re- 
lease at 60 min before clamp end was 
lower in pre-OP, but not in post-OP, 
CON ob , and CON lean (Table 1 and Fig. 
2G). At clamp end, both pre-OP and 
post-OP showed a decline in clamp in- 
sulin secretion, whereas CON ob and 
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CONi ean displayed an increase (Table 1 
and Fig. 2G), when compared with base- 
line. 

Gut glucose absorption 

Gastrointestinal glucose absorption was 
similar in the patients before and after 
surgery, and also between both control 
groups. However, from 40 to 90 min, and 
60 to 90 min, after the start of OGTT, 
post-OP and pre-OP, respectively, 
showed lower glucose absorption rates 
by 120-192 mg/min (eachP < 0.05) (Fig. 
2D). The gastrointestinal t 1/2 of glucose 
and total glucose absorbed were compa- 
rable among all four groups (Table 1). 

Correlation analyses 

M/I (final two 20-min intervals pooled) 
was negatively related to body weight 
(t = -0.611, P < 0.0001), BMI (t = 
-0.607, P < 0.00006), fat mass (t = 
-0.611, P < 0.0001) (Fig. 2E), and basal 
insulin secretion (t = —0.717, P < 
0.00001) (Fig. 2F), but positively related 
to CLIX (r = 0.745, P < 0.00003), basal 
hepatic insulin sensitivity (r = 0.743, P < 
0.00007), and the relative change in 
clamp end insulin secretion, when com- 
pared with baseline (r = 0.729, P < 
0.00006) (Fig. 2G). Basal hepatic insulin 
sensitivity was positively associated with 
ISI-HOMA (r = 0.594, P < 0.003). At the 
start of the clamp test, fasting FFA con- 
centrations correlated positively with 
basal HGP (r = 0.495, P < 0.02). Gastro- 
intestinal glucose ti/2 was negatively related 
to body weight (t = -0.348, P < 0.02) and 
fat-free mass (t = -0.399, P < 0.01), and 
tended to negatively correlate with BMI 
(t = -0.268, P = 0.066) and fat mass 
(t= -0.269, P = 0.066). 

CONCLUSIONS— The major and 
novel findings of this study are J) the in- 
creased first-phase (3-cell secretion in 
post-OP is accompanied by a markedly 
increased secretion of GLP-1 that closely 
correlates to dynamic C-peptide AUCs, 2) 
insulin secretion during sustained hyper- 
insulinemia improves after weight loss af- 
ter RYGB surgery, but is still lower than in 
matching obese controls, 3) basal hepatic 
insulin sensitivity improves after surgery, 
whereas insulin-mediated HGP suppress- 
ibility remains impaired, and 4) gastroin- 
testinal glucose absorption is similar after 
surgery, when compared with conditions 
before, but lower within the second 
OGTT hour, when compared with both 
control groups. 



Surgical procedure 

The patients underwent laparoscopic long- 
limb RYGB at 150 cm from the gastro- 
jejunostomy, which is performed rather 
rarely, but not uncommonly, as ~9% of all 
bariatric operations are performed this way 
(29). However, even longer-limb RYGB 
methods are in use, all of which seem to 
induce pronounced and comparable 
weight loss in the long run (30). 

OGTT 

Plasma glucose concentrations were not 
different between pre-OP and post-OP 
within the first two OGTT hours. The IGI 
was greater in post-OP than all other 
groups. A very probable explanation for 
this pronounced insulin release in re- 
sponse to hyperglycemia is the exagger- 
ated secretion of GLP-1 in post-OP, as 
previously reported (12,31). We found an 
elevation of OGTT GLP-1 AUC by more 
than twofold, which is in line with the 
results of Laferrere et al. (31) who reported 
an approximately fourfold GLP-1 AUC in- 
crease after RYGB. This finding seems to 
be well supported by the very close asso- 
ciation between the AAUCs of GLP-1 and 
C-peptide (Fig. 2A). 

Insulin secretion and (3-cell function 

Most recently, Nannipieri et al. (8) repor- 
ted an —40% improvement of (3-cell 
function in nondiabetic patients ~ 1 year 
after RYGB, in accordance with our find- 
ings of a 34% IGI amelioration (Fig. 2B). 
Assuming that the improved insulin se- 
cretion during OGTT in post-OP was pre- 
dominantly because of higher GLP-1 
release, we used mechanistic mathemati- 
cal modeling to calculate insulin secretion 
during sustained hyperinsulinemia. We 
found that basal insulin secretion, which 
was tremendously elevated before surgery 
in the morbidly obese, decreased after 
surgery by ~55%, but was not normal- 
ized, when compared with CONi ean . We 
have previously shown that insulin itself 
is able to modulate its own secretion 
(17,25). Thus, we considered that if 
(3-cell function was actually improved/ex- 
aggerated after RYGB surgery and was even 
more pronounced than in healthy controls, 
which can be concluded from the higher 
IGI, this must hold true also for insulin re- 
lease during hyperinsulinemia. However, 
our mathematical modeling (based on 
C-peptide analyses) showed that insulin- 
induced insulin secretion in post-OP was 
higher than before surgery, but even worse 
than in CON^, matching for major an- 
thropometric characteristics, and much 



worse than in CON lean as well. From 
this, it follows that increased (3-cell func- 
tion during OGTT appears to mostly re- 
sult from higher GLP-1 concentrations, as 
supported by studies using the GLP-1 an- 
tagonist exendin-(9-39)-amide (32). 

Of note, insulin secretion is induced 
by GLP-1 under hyperglycemic conditions 
only. However, despite a rather short half- 
life in the circulation, insulin has a rela- 
tively prolonged bioactivity, which lasts 
up to an hour (21). This may maintain 
pronounced glucose utilization even 
when glucose concentrations are already 
low. 

Whole-body insulin sensitivity 

After surgery, post-OP displayed higher 
sensitivity to insulin, as displayed by M/I 
(Table 1), when compared with con- 
ditions before surgery. However, this im- 
proved insulin sensitivity was comparable 
between post-OP and CON ob . In addi- 
tion, the measures of insulin sensitivity 
very tightly correlated with the prevailing 
fat mass, as visible in Fig. 2E. This relates 
also to post-OP. Thus, our findings are 
completely in line with that of Campos 
et al. (9), who showed an improvement 
of insulin sensitivity after substantial 
weight loss in post-RYGB patients after 6 
months, but not 2 weeks. However, the 
changes observed may not only be attrib- 
uted to the sole loss of body fat mass but 
could also be related to a negative energy 
balance. 

Guidone et al. (10) showed that 
whole-body insulin sensitivity had been 
increased by 50% in formerly T2DM pa- 
tients, who recovered from diabetes 1 
week after RYGB surgery. Our present in- 
vestigations in nondiabetic patients be- 
fore and after RYGB with smaller 
differences in insulin sensitivity may 
therefore also lead to the interpretation 
that the impressive improvement in insu- 
lin resistance seen in formerly diabetic pa- 
tients (10) is mostly due to the lack of 
glucose toxicity, which reduces insulin 
sensitivity by ~50% (16). 

HGP and hepatic insulin sensitivity 

In this study, we have developed a novel 
formula to calculate basal hepatic insulin 
sensitivity (Table 1) by putting fasting HGP 
and insulin secretion into the nominator. 
Astonishingly, this new formula turned 
out to well reflect ISI-HOMA (Table 1), 
which was described as a reliable hepatic 
insulin sensitivity surrogate (26,27). From 
this novel formula, we found an ameliora- 
tion of basal hepatic insulin sensitivity in 
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post-OP, when compared with pre-OP 
conditions. This finding goes along with 
our previous report, in which we showed 
hepatic insulin resistance to be improved 
after RYGB (3). This study also investi- 
gated insulin-mediated HGP suppressibil- 
ity (which is also regarded as the liver's 
sensitivity to insulin during hyperinsuli- 
nemia) (1,23) by assessing the duration 
during the clamp test for basal HGP reduc- 
tion by 50%. Thereby, we found that this 
duration was comparable between pre-OP 
and post-OP, but was twofold elevated in 
post-OP, when compared with controls 
(Table 1). This seemed surprising, because 
amelioration of fasting HGP would have 
been expected to go along with improved 
insulin-mediated HGP suppression, as 
precisely studied in T2DM patients (23). 
Maximal suppression of HGP by insulin, 
however, was similar among the four 
groups, indicating that the HGP reduction 
by insulin in the four groups is time, but 
not dose, dependent. 

Gastrointestinal glucose absorption 

The glucose absorption during OGTT 
was not different when comparing pa- 
tients before and after surgery, as well as 
both control groups to each other. These 
results seem surprising because they 
rather point away from a pronounced 
malabsorption after RYGB, but are in line 
with previous studies applying oral 
D-xylose loading tests in diabetic rats 
and humans (13,14). However, pre-OP 
and post-OP had slightly lower gut glu- 
cose absorption rates from 60 to 90 min, 
and from 40 to 90 min, respectively, than 
the controls. Again, gastrointestinal glu- 
cose tia in all participants was negatively 
associated with body dimensions, as de- 
scribed previously (20,28). 

Clinical relevance 

This study provided evidence that a major 
part of the observed effects after RYGB 
surgery in morbidly obese patients ap- 
pears to be predominantly mediated via 
GLP-1 release during oral absorption, but 
also by an improvement in basal hepatic 
insulin sensitivity, as shown herein and 
previously (3), going along with reduced 
fasting insulin secretion. Interestingly, re- 
duced glucose absorption is detectable, 
but does not seem to play an important 
role, because glucose absorption profiles 
were comparable before and after RYGB. 

Limitations 

A weakness of this study might be the 
rather low number of participants per 



group. However, our exclusion criteria 
were quite strict because the absence of 
diabetes was required. This, however, 
could warrant the absence of glucose 
toxicity effects that would have blurred 
measurements of whole-body insulin sen- 
sitivity, which is known to be deteriorated 
by 40-50% in the presence of diabetes 
(16). In addition, this study's setting was 
also rather extensive for the patients be- 
cause they had to undergo many more 
visits than needed for both preoperative 
and follow-up examinations. 

Final conclusions 

Gastric bypass surgery leads to pro- 
nounced weight loss of ~35 kg within 
about half a year, which was accompanied 
by slightly improved whole-body insulin 
sensitivity, pronouncedly lower glucose 
concentrations between 2 and 3 h after a 
glucose load, and greater (3-ceil function 
during an OGTT, for which increased 
GLP-1 release may be responsible, but 
without any changes in glucose absorp- 
tion. Basal hepatic insulin sensitivity 
improved at fasting, whereas insulin- 
mediated HGP suppression remained 
unalterably prolonged. Insulin secretion 
during hyperinsulinemia was higher after 
than before surgery, but still worse than in 
matching controls. This suggests that in 
RYGB patients, augmented GLP-1 secre- 
tion and slightly lower gut glucose ab- 
sorption in general (which was also 
present before surgery), as well as, to 
some (minor) extent, improved basal he- 
patic insulin sensitivity with reduced 
fasting insulin secretion are the main 
contributors to the observed gastrointes- 
tinal, endocrine, and metabolic alter- 
ations, which are mostly beneficial, but 
also include unwanted, and thus threat- 
ening, effects, such as pronounced post- 
prandial hypoglycemia. 
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